A B S T R A C T Magnesium-deficient rats develop significant hypercalcemia, hypophosphatemia, and hyperphosphaturia. These changes suggest a state of hyperparathyroidism. This study examines the regulation of parathyroid gland activity in magnesium-deficient rats. Magnesium deficiency was induced in intact and chronically parathyroidectomized animals by feeding them a diet free of this cation. Control animals were pair fed and treated identically except for the inclusion of magnesium in their gavage solution.
INTRODUCTION
Rats rendered deficient by feeding them a diet free of magnesium develop, in addition to hypomagnesemia, significant hypercalcemia, hypophosphatemia, and hyperphosphaturia (1) (2) (3) . These changes suggest a state of hyperparathyroidism. In addition, there are several observations which suggest an interrelationship between magnesium homeostasis and parathyroid activity (4) (5) (6) (7) (8) (9) (10) . This study examines the role of the parathyroid gland in magnesium-deficient rats in terms of (a) the chemical changes alluded to and (b) the regulation of ionic calcium in plasma. The results are consistent with the hypothesis that the parathyroid regulatory mechanisms involved in calcium homeostatis are altered in the magnesium-deficient state.
METHODS
Intact and parathyroidectomized Sprague-Dawley rats of approximately 225 g weight were housed in individual metabolic cages and subdivided into two subgroups each. All the animals were pair fed with approximately 10 g of a diet which was adequate in all nutritional aspects except that it contained only trivial quantities of sodium, potassium, chloride, phosphorus, and magnesium (Table   I ). The animals were gavaged daily with 5 ml of a solution of composition described in Table II . The experimental (magnesium-deficient) groups received a gavage solution prepared without magnesium. Control animals were treated identically except for the inclusion of magnesium in their gavage solution. Demineralized water was allowed ad lib. The rats in the parathyroidectomized group had been parathyroidectomized by cautery 1 month before this study. The adequacy of parathyroidectomy was ascertained by the demonstration of a calcium concentration in plasma of fasting rats of 3 mEq/liter (i.e. 6 mg/100 ml) or less 3-4 wk after the operative procedure. Animals with higher concentrations of calcium in plasma were discarded so that those used could be properly assumed to have had total or near total parathyroidectomy.
The period of study was 4 or 6 wk. During the last 5 days of the 4 wk experimental period, the rats were placed in metabolic cages designed for the collection of urine in mineral oil with the avoidance of fecal contamination. At the end of the experimental period, food was withdrawn from the animals. 12 hr later, the animals were anesthetized with sodium pentobarbital (5 mg/100 g of body weight) administered intraperitoneally and then exsanguinated from the abdominal aorta. We used 10 U of heparin per ml of whole blood as anticoagulant after demonstrating that it did not interfere with any subsequent chemical analysis. In some animals a separate aliquot was collected with potassium EDTA in order to minimize the hydrolysis of phosphate esters and hence obtain an accurate measurement of inorganic phosphate.
In some experiments, fat-free dry solids were prepared from whole carcass by conventional technics (11, 12) and were (a) digested with 0.75 N nitric acid for estimation of the sodium, potassium, and chloride; (b) ashed at 550'C in platinum crucibles for 12-18 hr, then dissolved in 0.24 N hydrochloric acid for determination of calcium and magnesium; and (c) ashed, as in (b), for the estimation of phosphorous after evaporating 2 ml of 0.25 of magnesium acetate solution with 100 mg of fat-free dry solids to prevent-the loss of phosphorous during the ashing procedure.
Parathormone administration. To evaluate the effect of increased amounts of parathormone on the partition of calcium in plasma, we administered commercial parathyroid extract 1 (Fig. 1) . This rotor permits eight individual specimens to be centrifuged simultaneously under a constant atmosphere. The ultrafiltration procedure is performed in the following maimer. The membrane filters, suspended in distilled water for at least 24 hr before use, are blotted dry for assembly in the filter support. A 2.5 ml plasma sample from an individual rat is placed into the upper portion of each capsule and gassed with a humid 5%o CO3-nitrogen mixture. The lower portion of the filtration capsule is flushed with this gas mixture before final assembly of the capsule which is then inserted into the rotor head. After thorough equilibration with the CO2 mixture, the rotor head is sealed and the plasma samples are centrifuged at 370C and 15,000 rpm for 50 min. At the end of this period, approximately 1.5 ml of proteinfree ultrafiltrate is removed from the lower portion of the capsule for further analysis. In all experiments, control and experimental plasma samples were run simultaneously to randomize any variation in the centrifugation technique. To evaluate whether the degree of ultrafiltration enmployed in these studies altered the observed total or ionic calcium content of the ultrafiltrate, we centrifuged plasma samples for periods ranging from 20 to 55 min. No systematic alteration in the calcium composition of the ultrafiltrate was observed. Moreover, the concentration of calcium in an ultrafiltrate prepared from plasma was not altered when plasma was diluted by 30% with a solution containing concentrations of calcium identical with those observed in the ultrafiltrates of undiluted plasma samples. Accordingly, the Donnan equilibrium was assumed to be constant with this technique and the values obtained were not corrected for this factor.
The adequacy of the ultrafiltration procedure was further verified by preparation of ultrafiltrates from plasma samples of normal human volunteers. In 12 subjects a percentage ultrafiltration of 50.7% was obtained for calcium, which is in agreement with published values found with alternative procedures (20) . The spectrophotometric method of Walser (21) 16 mole/liter) to achieve a physiologic pH and ionic strength in the blank circuit. In these experiments, the buffer was adjusted to yield a final pH of 7.45, since this was the experimentally determined pH1 of nmagnesium-(leficient and control rat plasmas equilibrated with the 5% C02 gas mixture. After measurement of the blank absorbance, a 15 mg/1O0 nml murexide solution in 0.15 M Tris (hydroxymethyl) aminomethane buffer pH 7.45, ionic strength 0.16 u is added and the resultant absorbancy is measured at 480 /u. Since the blank optical density is diluted by the further addition of the murexi(lc reagent, the hlank absoraency is multipled by 0.9 before its subtraction from the optical density of the calciummurexide solution. The ionic calcium value of the sample is derived from the corrected optical density. Appropriate amounts of calcium in 0.16 M sodium chloride were used to standardized the procedure. To enhance the stability of 120 H. J. Gitelman the murexide-buffer solution, we extracted the buffer with 0.1%o dithizone in chloroform, and removed the excess dithizone by two additional chloroform extractions. The murexide solution was prepared shortly before use utilizing gentle inversion to dissolve the murexide reagent. After settling, the clear sul)ernatant was decanted into a polyethylene container to free the solution of undissolved material which adversely affects the stability of the solution. The complexed fraction of calcium was calculated by subtracting the ionic calcium value from the total ultrafilterable calcium. In all instances, the measured total ultrafilterable calcium was greater than the measured ionic calcium concentration.
The accuracy of this technique was verified in the following manner: (a) the pK dissociation for calcium citrate measured in solutions of 0.16 M NaCl containing 2 and 4 mEq of calcium per liter and citrate concentrations ranging from 0.25 to 2.0 mm was 3.11 + 0.06, which agrees with published dissociation constants for this complex under physiologic conditions (22) ; (b) there was the absence of significant interference with magnesium, copper, iron, and zinc; and (c) ionic calcium (12) deficient (10) Control (6) deficient (11) Mg, mEqiliter 
RESULTS
The usual changes were noted in the magnesiumdeficient rats, i.e., peripheral vasodilatation and neuromuscular irritability including convulsive movements ( 1, 2). There was a difference between intact and parathyroidectomized rats in that the latter showed these changes in a delayed and attenuated way. In contrast to these observations in the intact animals, parathyroidectomized rats developed significant hypocalcemia when coml)are(l to their nonmagnesium-deficient parathyroidectomized controls after 6 wk of the experimental regimen. The most significant feature of these observations is the diminution in the ionic calcium fraction of the calcium partition. In these animals the decrease in protein-bound and ionic calcium fractions accounts for the significant diminution in the concentration of total calcium in plasma. The composition of total carcass is presented in Table VII with results expressed as mmoles/100 g of fat-free dry solids. Both intact and parathyroidectomized magnesiumi-deficienit groups present a significant and similar decrease in the magnesium content of about 20%. Calcium content is signiificantly increased only inl the magniesitni-(leficient rats with intact parathyroid glanids. Both the intact and parathyroidectomized magnesium-deficient rats show an increased content of phosphorus. Sodium is increased independently of the parathyroid status Magnesium (10) Magnesium (6) Control ( of the magnesium-deficient animals, whereas potassium content is diminished. The changes in chloride content are not significant.
DISCUSSION
The hypercalcemia observed in experimental magnesium deficiency has not been satisfactorily explained. Its common observation has stimulated speculation concerning the relationship between the metabolism and homeostasis of the two main divalent cations, calcium and magnesium. Thus, MacIntyre and Davidson (1) have ascribed the hypercalcemia to an increased positive balance owing to a diminished urinary and fecal excretion of calcium. This, in turn, is suggested to be a consequence of a common transport mechanism for these ions by both the gut and renal tubular cells. Hence, when the available magnesium is limited, calcium competes more favorably for transport and more is absorbed by the gastrointestinal tract and the renal tubules (1). Richardson and Welt (23) on the other hand have demonstrated that a difference in the positive balance of calcium is not a necessary condition for the hypercalcemia of magnesium deficiency. Alternatively, an increase in the activity of the parathyroid gland has been suggested (3, 24) . The present study indicates that intact parathyroid glands are essential for the augmented concentration of calcium and dlel)ressed concentration of phosphorus in plasma in magnesium deficiency, since miagnesium-deficient parathyroidectomized animals fail to develol) these alterations when compared with their nioni-milagnlesiumit--deficienit parathyroidectomized controls. More significantly, when the duration of magnesium (leficiency is extended to 6 wk, the p)arathyroi(lectomized animials have a concentration of calcium in plasma that is, in fact, lower than that of their -appropriate controls.
The partition of l)lasma calcitim l)rovi(les a pathophysiologic exl)lanation for these ol)servations. Magnesiumn-(leficient, p)arathyroi(lectomized animals developed a significantly lower concentration of ionic calcium in l)lasIlla in comparison to their magnesitum-replete, p)arathyroi(lectomize(d controls. Although the specific mechanisms involved in this alteration were not delineated, the additional observation that the coml)lexe(l calcium fraction was maintained in the presence of a lower concentration of ionic calcium suggests that one factor in this response was a shift of calcium in plasma to chelation sites formerly occupied by magnesium. In the animal with intact parathyroid glands, this decrease in ionic calcium would serve to stimulate the parathyroid gland and the concentration of ioiiic calcium would be restored to normal. However, this mechanism could not explain the significant increase in the concentration of ionic calcium which was (lemollstrate(l inl magnesiumdeficient rats with intact parathyroid glands and which could be simulated by the exogenous a(lminn-istration of parthyroid extract. Since the presence of intact parathyroid glands is essential for this response, it must be concluded that some consequence of magnesium deficiency is capable of modifying the regulatory processes within the parathyroid gland that are involved in maintaining a normal concentration of ionic calcium in plasma. This does not necessarily imply that there need b)e an enhanced secretion of parathormone in this circumstance; however, the probability that this may, in fact, occur can be inferred from the observed diminution in the concentration of ionic calcium in magnesium-deficient, parathyroidectomized animals.
The modification in parathyroid function demonstrated in this study might be related to the low concentration of magnesium in plasma, or to some other consequence of the total body magnesium deficit. One cannot discriminate between these two possibilities from these data alone. Gitelman, Kukolj, and Welt (25) have presented data that must be interpreted to imply that parathormone activity is suppressed by hypermagnesemia. Moreover, hypermagnesemic perfusion of the parathyroid gland in cattle has been observed to diminish the secretion of parathormone (26) . These observations are compatible with the possibility that the concentration of magnesium in plasma per se may influence the functional activity of the parathyroid gland and, in turn, suggest that the modification in parathyroid gland function demonstrated in this study is related to the depressed plasma concentration of magnesium.
There have been several attempts to relate magnesium metabolism to parathyroid hormone activity, mainly because of the numerous similarities in the chemical and biological behavior of the two divalent cations, calcium and magnesium.
There are some reports that the administration of high doses of parathyroid hormone produces in animials a decrease in turinary excretion (4, 5) and an increase in the plasma levels of magnesium (3, 6. 7) and that 1)arathyroi(lectomy produces an early decrease in plasma magnesium which later returns to normal values (6, (8) (9) (10) . These changes, nevertheless, are not as reproducil)le, marked, or persistent as the effects upon calcium metabolism produced by the same measures. Thus, it is aplarent that there mlay wvell b)e a relationship between the parathyroid gland and magnesium metabolism, but that this relationship is different, at least in intensity, from the direct way in which calcium and parathyroid hormone are related.
In magnesium-deficient rats marked hyperphosplhaturia is a constant feature which appears soon after magnesium is restricted in the food (1) (2) (3) 27) . Although this is consistent with a state of hyperparathyroidism, its appearance cannot be entirely ascribed to increased parathyroid activity since it is present to a comparable degree in all the magnesium-deficient rats of this study and is not related to the presence or absence of the parathyroid gland (3, 27) . Parathyroid overactivity may play a role in this hyperphosphaturia, but is obviously not an essential feature. There is nephrocalcinosis in the kidneys of magnesium-deficient animals which is confined to the broad ascending limb of the loop of Henle (2, 28) . There may well be other functional lesions unassociated with detectable structural alterations that may be responsible for the hyperphosphaturia. This possibility is strengthened by the fact that this increased excretion of phosphate occurs in the face of a presumed decrease in glomerular filtration rate (as deduced from increased levels of urea nitrogen) and hypophosphatemia. This combination implies a diminished filtered load of phosphate and hence an increased phosphaturia must be interpreted to mean a reduction in the tubular reabsorption of phosphate (or conceivably an increase in phosphate secretion) in magnesium-deficient rats which is independent of parathyroid gland activity.
